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Introduction
Marudu Bay is located close to one of the largest marine protected areas in Southeast Asia, the proposed Tun Mustapha Marine Park and the coral triangle. The intensive land use in recent years for agricultural and industrial development in the neighboring areas has become a cause for concern (Tan & Ransangan 2015b; due to possible threats to the environment in the adjacent marine protected areas. Heavy metals discharged into estuarine and coastal waters are rapidly bound to particulate matter and settle on the sea bottom (Inengite et al. 2010; Zaaboub et al. 2014 ). The accumulation of high concentrations of heavy metals in the marine environment may cause adverse effects on marine organisms and cause acute heavy metal poisoning in humans through bioaccumulation of metals from the food chain (Wang et al. 2002; Bradl 2005; Kamaruzzaman et al. 2011) .
Heavy metals can be defined as trace elements that are toxic even in low concentrations, and have a relatively high density with relative atomic mass ranging between 63.5 and 200.6 (Wang et al. 2002; Alluri et al. 2007; Lakherwal 2014) . Marine, surface sediments are useful to illustrate the most recent deposition of heavy metals in a given area (Zaaboub et al. 2014) . However, the concentration of heavy metals in marine sediment is a result of combined accumulation of natural and anthropogenic inputs (Sany et al. 2014) . Therefore, the distinction between these two metal proportions is required in order to quantify the anthropogenic loads of heavy metals in an area. Normalization procedures are commonly used to compensate the natural variability of metals in the sediment, which would then enable the detection and quantification of any anthropogenic metal contribution to the system (Loring 1991; Siddique et al. 2009 ).
Generally, the normalization approaches consist of granulometric and geochemical methods. Granulometric normalization approaches use a certain fraction of sediments, mainly silt and clay, whereas geochemical normalization approaches employ certain conservative elements like Al, Fe, Li or Rb to minimize the influence of particle size composition on the concentration of heavy metals (Hanson et al. 1993; Daskalakis & O'Connor 1995; Zhang 1995; Covelli & Fontolan 1997; Rae 1997; Schiff & Weissberg 1999; Rubio et al. 2000; Siddique et al. 2009 ). The enrichment factor (anthropogenic metal contribution) of metals is usually estimated based on the ratio between a sample and background value, which gives a value range of 1 ±2ơ (Middleton & Grant 1990) .
To date, studies of heavy metals in the Malaysian marine environment are very limited. Only a few reports are available on heavy metal concentration in bivalves (Yap et al. 2004; Yap & Al-Barwani 2012) , sediment of coastal areas in Peninsular Malaysia (Ismail et al. 1993; Shazili et al. 2006 ) and the west coast of Sabah (Mokhtar et al. 1994; Ali et al. 2014) .
Although the north coast of Sabah is a gazetted marine protected area, the information on the baseline levels of heavy metals is still lacking. A detailed and comprehensive study of heavy metal contamination in Sabah coastlines is necessary to establish the baseline information on the level of heavy metals in the sediments. Therefore, the main objective of this study was to determine the possible anthropogenic sources of heavy metals in Marudu Bay.
Materials and Methods

Sampling sites
Sampling was conducted in Marudu Bay (6° 35' to 7° N and 116° 45' to 117° E), north of Sabah ( Figure 1 ). The bay has an equatorial climate with uniform temperature, high humidity and heavy rainfall due to its proximity to the equator (Malaysian Meteorological Department, 2014) . In general, the Asian tropical monsoon may be divided into three monsoons, the Southwest Monsoon (SWM) from May to September, the Northeast Monsoon (NEM) from November to March and the Inter-seasonal Monsoon (IM) in April and October.
The potential anthropogenic activities possibly contributing to the accumulation of heavy metals in Marudu Bay include: (1) runoff of pesticides from a palm tree plantations at the southwest coast, (2) discharge of untreated domestic waste from areas of high population density at a bay pocket, and (3) effluent from a palm oil processing factory and liquid wastes from auto service workshops on the east coast of Marudu Bay . Ten sampling sites were located in Marudu Bay. Stations 1, 2 and 3 were located at the bay pocket, stations 4 and 5 were located on the west coast, stations 6, 7 and 8 on the north coast and stations 9 and 10 on the east coast of Marudu Bay. The water depth at stations 1, 2, 3 and 10 was below 5 m, at stations 4, 5, 7 and 9 ranged from 5 to 10 m, and at stations 6 and 8 -over 10 m.
Environmental variables
Environmental variables, including water temperature (°C), salinity (PSU), pH, and dissolved oxygen (%) at 0.5 m above the seafloor, were measured using
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Temporal and spatial variability of heavy metals in Marudu Bay Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d. a multifunctional environmental sensor (YSI; Loveland, Co, the USA). Water depth (m) was measured by a depth sounder, whereas water current speed was measured using a current meter (Stanley, USA) deployed at 10 min intervals at 0.5 m above the sea bottom. Sampling was conducted for 12 months from February 2014 to January 2015 during the full moon (spring tide), at approximately the same time (from around 8.00 to 8.30 am). Secondary data on the monthly amounts of rainfall and wind speed were obtained from the Meteorological Department, Kota Kinabalu.
Organic content and sediment composition
The upper sediment layers were sampled using a Peterson stainless steel grab with an area of 0.04 m 2 and a penetration of about 5 cm. Samples were then kept in airtight metal-free polyethylene bags and stored at 4°C in dark conditions. A small sediment subsample of 5 g was oven-dried in a laboratory, at 105°C until constant weight was obtained and then heated in a muffle furnace at 550°C for 6 h. The organic carbon was determined according to the equation presented below:
where: DW = Dry weight after oven-drying at 105°C DW 550 = Dry weight after combustion at 550°C for 6 h A 100 g sediment subsample was air-dried at room temperature on plastic trays, ground and mixed
Figure 1
Location of the ten sampling stations in Marudu Bay. Note: R1= Pitas River; R2= Bangkoka River ; R3= Marasimsim River ; R4= Taritipan River ; R5= Raku River ; R6= Sumbilingan River ; R7= Marudu River ; R8= Karangawan River ; R9=Matunggong River 550 100 DW DW Organic carbon DW
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thoroughly. The sediment clay-silt percentage was measured by a laser diffraction particle size analyzer (Sequola, Canada) according to Agrawal and Pottsmith (2000) . The total nitrogen and total phosphorus in the air-dried sediment were determined using the Kjeldahl method and the molybdenum-antimony spectrophotometric method (Bao 2005) , respectively.
Heavy metals
All the equipment and glassware were fist acid washed in 10% nitric acid solution to avoid metal contamination. A subsample (0.5 g) of bulk sediment was acid digested (6:1:2; nitric acid: perchloric acid: hydrochloric acid) at 180°C for 10 h according to Matthai et al. (1998) . The extract was collected in 0.5 M HNO 3 and filtered through a GF/C filter paper (47 mm, 0.45 µm, Whatman) and stored in scintillation low potassium Glass bottles at 4°C until analysis.
The concentration of various trace metals, including Al, Li, Cd, V, Fe, Mn, Zn, As, Ti, Rb, Sr, Cr, Cu, Ag, Ni and Pb, was measured by a Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). A Perkin-Elmer Sciex ELAN 5000 ICP mass spectrometer was used. A standard torch for this instrument was used with an outer argon gas flow rate of 15 l min -1 and an intermediate gas flow of 0.9 l min -1 (Date & Gray 1988) . The procedural blanks and quality control samples were made from the standard solution for each metal and analyzed once in every ten samples to check for sample accuracy (Yap et al. 2006) . For accuracy, both within and between-day relative percentage difference (RSD) values were determined by analyzing two in-house laboratory control samples. Within-day precision was determined by analyzing the laboratory control samples in triplicate on each day, and between day precision was measured by using the mean results of the triplicate samples analyzed each day on 5 different days.
Statistical analysis
The environmental parameters, nutrients in sediment and heavy metal concentrations were analyzed for their significance using the SPSS Windows Statistical Package (version 21). Tests were considered to be significant at p<0.05. Prior to the analyses, all variables were tested for normality and homogeneity of variance. One-way ANOVA was performed, followed by Turkey multiple comparison tests (Turkey HSD) to make specific contrast in spatial and temporal variations of environmental parameters, silt-clay percentage, organic content, nutrients and heavy metal concentrations. Eight environmental variables were reduced to three principal components. To help the interpretation of the principal components, varimax rotation was performed (Wang et al. 2006) . Correlation coefficients were calculated between the main environmental variables, principal components and the concentration of heavy metals.
Normalization was performed by the geochemical normalization method as described by Newman and Watling (2007) . Al, Fe and Li were selected as alternative reference elements. Linear regressions were first performed for each heavy metal on the alternative reference elements. The appropriate reference element for each metal was selected based on the highest coefficient value of the regression (Newman & Watling 2007) . Subsequently, data sets in a scatter plot were tested for linearity of distribution under the condition of p<0.05 and r 2 >0.9. Metals with concentrations higher than the upper limit of the 95% confidence interval were eliminated as outliers. The procedure was repeated until the above two criteria were satisfied (Loring 1991) .
The baseline concentration of heavy metals was calculated using the linear regression equation between a heavy metal element and a reference element (Colizza et al. 1996; Newman & Watling 2007) . The enrichment factor was calculated according to Middleton and Grant (1990) .
where:
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Results
Environmental variables
Temporal and spatial variations of environmental variables are illustrated in Figure 2 and Figure 3 , respectively. In general, water temperature at the sea bottom of Marudu Bay was significantly higher (p<0.05) in SWM than in NEM. Water salinity was significantly higher (p<0.05) from April to June than in other months. Water pH was significantly higher (p<0.05) from May to July than in December and from February to March. Current speed was significantly higher (p<0.05) from April to September than in other months. DO was significantly higher (p<0.05) from April to August than in the other months.
In respect of the spatial variation, no significant differences (p>0.05) were observed in temperature and pH among the stations. However, water salinity in the mouth of the bay (stations 4, 5 and 6) was significantly higher (p<0.05) compared to station 3. DO at stations 2, 3, 5, 7 and 10 was significantly higher (p<0.05) 
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Nutrients and granulometric characteristics of the sediment
Granulometric characteristics of the sediments from each station are summarized in Table 1 . In general, the clay composition at all stations was similar (p>0.05). However, the silt composition was significantly (p<0.05) higher in the bay pocket (stations 1, 2, 9 and 10) than in the other areas. The sand composition was significantly higher at stations 3, 4, 5 and 6 compared to other stations. The organic content, total phosphorus, total nitrogen, the C/N ratio and clay-silt composition in sediment ranged from 1.47 to 16.84%, 0.001 to 0.21%, 0.01 to 0.21%, 15.19 to 342.26 and 13 to 85%, respectively.
Temporal variations of nutrients and clay-silt composition in sediment are illustrated in Figure 5 . In respect of the spatial variation, the organic content in sediment was significantly higher (p<0.05) at stations 6 and 8, but significantly lower (p<0.05) at stations 3, 5 and 7 ( Figure 6 ). Total phosphorus in sediment was significantly higher (p<0.05) at stations 1, 6 and 8 compared to other stations. The total nitrogen in sediment was significantly higher (p<0.05) at stations 1, 6, 8 and 10, but significantly lower (p<0.05) at stations 3, 4, 7 and 9. The C/N ratio in
Figure 4
Total rainfall and mean wind speed (mean± SD) in Marudu Bay from April 2014 to April 2015 
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sediment was significantly higher (p<0.05) at stations 4, 7, 8 and 9, but significantly lower (p<0.05) at stations 1, 5, 6 and 10. Clay-silt composition at stations 1, 2, 9 and 10 was significantly higher (p<0.05) compared to other stations.
Concentration of metals
Concentrations of various metals in coastal sediment of Marudu Bay are summarized in Table 2 . Both within-day and day-to-day precision values were <4% RSD over 5 independent days (data not shown). The concentration of Ag and Cd in sediment of Marudu Bay was below the detection limit in most data points. No significant differences were observed for Al, Fe, Zn, Ti, Cd, V, Rb, Sr, Cu, Ag, Ni and Pb throughout the stations. However, significant differences were recorded in Sr, Mn, As, Li, Cr and Ni. The concentration of Sr was significantly higher (p<0.05) at stations 6 and 9 than at the other stations. Mn was significantly higher (p<0.05) at stations 6 and 10 than at stations 3, 5 www.oandhs.ocean.ug.edu.pl Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d. and 7. Concentration of As at stations 8 and 9 was significantly lower (p<0.05) compared to stations 3, 4, 5, 7 and 10. Cr at stations 8 and 9 was significantly higher (p<0.05) than at stations 3, 4, 6 and 7. Ni at stations 8 and 9 was significantly higher (p<0.05) compared to other stations. Li at station 6 was significantly higher (p<0.05) than at any other stations.
In respect of temporal variations, no significant differences were recorded in Zn, Ti, Cd, Rb, Ag, Ni, Pb, Sr, Cr and Ni throughout the year. However, the concentration of Fe, Mn, V, Li, As and Cu in sediment of Marudu Bay has a similar pattern, with a significant increase in May and September, the inter-seasonal monsoon (Figure 7) .
Relationship between environmental parameters and metals concentration
Three principal components (PC) were extracted from the principal component analysis of seven environmental variables (Table 3 ). The PCs explained 28.5%, 27% and 13.6% of the total variance, respectively. The total initial eigenvalues were 3.067, 2.366 and 1.005 for PC1, PC2 and PC3, respectively. Temperature, pH, current speed and dissolved oxygen showed a significant positive loading on PC1. Clay-silt composition had a strong positive loading on PC2. The organic content showed a strong positive loading on PC3, while dissolved oxygen produced a significant reverse effect. In general, it appears that PC1 represents the southwest monsoon where temperature, current speed and dissolved oxygen are higher. PC2 is associated with the particle size and the composition of clay-silt in sediment, whereas PC3 represents a high microbial activity, which involves high organic content and low dissolved oxygen.
Pearson's correlation coefficients between logarithmically transformed environmental parameters and the concentration of trace metals are presented in Table 4 . In general, the concentration of most 
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trace metals (V, Mn, Zn, Rb, Sr, Cr, Ni, Li, Fe and Al) was positively correlated with organic content in sediments, except for As which was negatively correlated. In addition, the concentration of Zn, Rb, Cr, Ni, Pb, Li was positively correlated and the concentration of As and Cd was negatively correlated with PC2 and clay-silt composition. The concentrations of most metals were positively correlated with PC3 and negatively correlated with DO and current speed.
Metal enrichment
The resultant regression line with 95% confidence limits between metals and reference elements are illustrated in Figure Almost all data points were retained for V and Al regression plot. For other metals, however, many data points were reduced prior to the regression analysis by removing data with the metal concentrations much higher than the upper limit of the 95% confidence interval (Table 5 ). The reduced data indicated that the baseline concentrations of V, Fe, Mn, Zn, Ti, Rb
Figure 7
Temporal variations of heavy metal concentration in Marudu Bay Table 4 Pearson's correlation coefficients between environmental parameters after logarithmic transformation and the concentration of trace metals Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d.
Figure 8
Scatter plots of metals with a suitable reference element in the coastal sediment of Marudu Bay. The solid line represents the regression line with p<0.05, while dashed lines represent the 95% confidential intervals. 
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Temporal and spatial variability of heavy metals in Marudu Bay Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d. , respectively. The degree of metal enrichment estimated based on the geochemical normalization is summarized in Table 6 . In general, the content of V at all stations was similar to the baseline value with very low variations of about 10%. Slight enrichment with Mn relative to the baseline concentration was observed throughout the bay (except stations 3 and 7), whereas high enrichment with Zn occurred at the bay pocket. On the other hand, depletion of Ti relative to the baseline concentration was observed at all stations. Moreover, depletion of Rb and Sr relative to the baseline concentration was recorded at most stations and their accumulation at station 6.
Discussion Environmental parameters
During the northeast monsoon (November to March), the wind carries the moist air from the South China Sea, thus bringing heavy rainfall to the northern coast of Sabah (Malaysian Meteorology Department, 2014) . The heavy rainfall resulted in the lower water temperature and salinity during the northeast monsoon compared to the southwest monsoon. On the other hand, Marudu Bay also experienced a relatively stronger current speed and higher DO during the southwest monsoon compared to the northeast monsoon. This is because Marudu Bay is sheltered by Banggi Island from the strong water current during the northeast monsoon, whereas no island blocks the current from the southeast during the southeast monsoon (Azanza et al. 2008) .
With regard to the spatial variation, station 3 was a shallow area (3 m) located right in front of the Marudu River, while the mouth of the bay was located in deeper water (>20 m) and far from the source of fresh water. Therefore, the effect of dilution by fresh water results in a stronger effect at station 3 compared to the mouth of the bay. Since the bottom water is in direct contact with the sediment, some of the other parameters (particularly pH and DO) are highly affected by microbial activity and chemical composition of the sediment (Sany et al. 2014 ).
Nutrients and granulometric characteristics of sediment
Based on the granulometric characteristics of sediments in Marudu Bay, it can be concluded that the mouth of the bay was exposed to a strong current. The finer sediment particles are known to be transported from high to low energy areas (Molinaroli et al. 2009 ). Therefore, this could explain the accumulation of silt in the bay pocket of Marudu Bay.
In general, the C/N ratios in the surface sediment of Marudu Bay were higher than 20, which indicates that the accumulated organic matter came mainly from terrestrial sources (Tyson 1995; Zaaboub et al. 2014) . The high terrestrial organic input is expected due to the location of Marudu Bay close to a mangrove swamp, a palm oil plantation, and areas of high population density.
With regard to the temporal variation, total phosphorus in the surface sediment was significantly higher during the high rainfall season, the northeast monsoon. Soil and rock minerals are rich in phosphorus (Sany et al. 2014 ). Higher levels of phosphorus content in the surface sediment during the higher mean rainfall season could be contributed by river runoff of soil and weathering rocks (Anderson 2009; Tan & Ransangan 2015a) . On the other hand, the total nitrogen in the surface sediment was high during the southwest monsoon. In addition, the C/N ratio was much lower during the southwest monsoon compared to the northeast monsoon. Organic matter of higher plants is known to have a lower nitrogen content, while phytoplankton is rich in nitrogen and deficient in C/N ratios (Carpenter & Capone 1983) . Therefore, the significantly higher total nitrogen content and lower C/N ratios in sediment during the southwest monsoon suggest that the organic content was contributed by sedimentation of dead algae cells after blooming events. The results of the current study also showed that the clay-silt composition in the surface sediment was generally higher in months with a weaker current speed. This is because a low current speed induces the deposition of large quantities of low-density particles (Storlazzi & Field 2000; Spagnoli et al. 2008; Yang et al. 2008) . Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d.
With regard to the spatial variation, a higher level of phosphorus and nitrogen was recorded at stations 1, 6 and 8 as compared to other stations. Station 1 was adjacent to a rocky shore and areas of high population density. The continuous supply of P and N from the rock weathering by a strong wave and domestic effluents could explain the higher levels of P and N at station 1 (Anderson 2009; Tan & Ransangan 2015a) . On the other hand, the water at stations 6 and 8 (26 m and 15 m, respectively) was much deeper than at the other stations (2 to 8 m). At the stations with a water depth below than 10 m and with the mean wind speed of 15.8 m s -1 , the Ekman layer (the wind-affected depth) extends to the bottom (Adam et al. 2011 ). This creates a well-mixed homogeneous water column which brings nutrients from the sediments (Anderson et al. 2002) . On the other hand, the Ekman layer does not reach the bottom of the deeper water at stations 6 and 8. Therefore, the accumulation of nutrients occurred and resulted in a higher level of organic content, P and N. On the other hand, higher C/N ratios were observed at stations 4, 7, 8 and 9, which indicates a higher level of terrestrial organic inputs compared to other stations (Zaaboub et al. 2014) . Station 4 was located near the mangrove swamp, while the east coast of Marudu Bay (stations 7, 8 and 9) was located near a palm oil processing factory. Therefore, the proximity of these stations to the source of terrestrial organic matter might explain the high C/N ratios in the current study. The clay-silt composition in the surface sediment was higher on the southeast coast of Marudu Bay (stations 1, 2, 9 and 10). The higher silt-clay composition in the sediment of the mouth of the bay might result from a longer water resident time in the areas (Molinaroli et al. 2009 ).
Concentration of metals
Sediments represent an accurate time-integrated record of environmental contamination and therefore can be used as an economic monitoring tool to detect the anthropogenic impact over time (Daskalakis & O'Connor 1995; Sany et al. 2014 ). In addition, sediments also play a major role in the transport and storage of heavy metals. They are also frequently used to identify the source of contaminants and to determine the dispersion pathways in the marine ecosystem (Murray 1996; Birch et al. 2001) . Therefore, the current study used marine sediment as a monitoring tool to evaluate the organic and heavy metal contamination status in the coastal area of Marudu Bay.
The concentrations of most elements (Table 1) in the current study were lower than the recommended value of metals in the sediment as suggested by FAO/ WHO and USEPA guidelines and the Pollution Load Index (PLI). However, the concentrations of Al, Mn, Zn, Rb and Ni were slightly higher, whereas the Cu concentration in sediment of Marudu Bay was much higher than the recommended value, but still within the permissible limit of 108 mg kg -1 (Sulochanan et al. 2007 ). Compared to other parts of Malaysia, most of the metals concentrations in Marudu Bay (except Cu) were lower than those recorded in the coastal areas of Peninsular Malaysia, i.e. 2.5 to 5% of Fe, 3000 to 5000 mg kg -1 of Mn, 600 to 900 mg kg -1 of Zn and 10 to 30 mg kg -1 of Pb (Ismail et al. 1993; Yap et al. 2002; Shazili et al. 2006) . Cu comes mainly from shipping activities and the use of pesticide and insecticides (Alluri et al. 2007; Kamaruzzaman et al. 2011) . The organic matter in the sediment of Marudu Bay is characterized by high C/N ratios, which indicates terrestrial deposition (Tyson 1995; Zaaboub et al. 2014) . Therefore, the large oil palm plantation in the surrounding coastal area could explain the high Cu concentration in the sediment of Marudu Bay.
In terms of spatial comparison, significantly higher Cr and Ni concentrations were recorded at stations 8 and 9. Ni and Cr are the wastes from various industries, including steel, textile, electronic and zinc-based casting industries (Kamaruzzaman et al. 2011) . Stations 8 and 9 were located near the palm oil processing factory, which combined with the presence of a relatively large number of small workshops or electronic service and repair shops in the neighborhood resulted in the higher Ni and Cr concentrations. On the other hand, station 6 is the only station with the water depth (>20 m) beyond Ekman's depth of about 15 m. The accumulation of metals that strongly bind to organic detritus is expected (Xu et al. 2010 ). In addition, higher Mn and As concentrations were recorded at station 3 -the main artisanal fishing ground, and at stations 5 and 7 -the mouth of the bay. The intensive boating and shipping activities in the areas might explain the higher levels of As and Mn (Alluri et al. 2007) .
In terms of temporal comparison, the concentration of Fe, Mn, As, V, Li and Cu significantly increased during the inter-seasonal monsoon. Interestingly, the increase in the metal accumulations corresponded to the increase in the C/N ratio and organic content in the sediment. The direction of the wind begins to change during the inter-seasonal monsoon (Malaysian Meteorology department, 2014), hence the poor water circulation during this period might account for the accumulation of terrestrial organic matter in Marudu Bay (Azanza et al. 2008) . Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 3 | SEPTEMBER 2016 © Fa c u l t y o f O ce a n o gr a p hy a n d G e o gr a p hy, U n i ve r s i t y o f G d a ń s k , Po l a n d. A l l r i g h t s re s e r ve d.
Relationship between environmental parameters and metal concentration
The results of the current study demonstrated that most of the metal elements in the sediment responded positively to finer sediments and organic content. Similar results have been reported in other studies where finer sediments are enriched with heavy metals (Weiguo et al. 2001) . Fine-grained sediments are known to have a higher surface-to-volume ratio, while organic matter has higher chemical affinity for trace elements (Weiguo et al. 2001; Sany et al. 2014) . Therefore, trace metals are accumulated in fine particles with high organic content.
On the other hand, the negative correlation between As and fine particles could result from the fact that the As concentration in the current study was too low to be detected (the result might not reflect the actual conditions). It has been suggested that solubility of metals is affected by physical parameters (Ideriah et al. 2012) . This is reflected in the current study where various metals responded to temperature and pH. Lower pH has been suggested to favor metal accumulation (Ideriah et al. 2012 ). This theory was confirmed in the current study, where V, Mn, As, Ag, Fe and Al positively correlated with pH. However, a few elements (Pb, Cd and Zn) showed the opposite trend. This could be related to the origin of heavy metals, which resulted in different degrees of physical and chemical bonds with the sediments in different environmental conditions (Pempkowiak et al. 1999) .
Metal enrichment
The current study adopted the geochemical normalization method to measure the degree of metal pollution in Marudu Bay. The geochemical normalization has proved to be superior compared to the granulometric method, because it compensates for the mineralogical as well as natural granular variability of the metal concentration in the sediment (Loring 1991) . In addition, the geochemical normalization can also minimize the contamination due to minimal manipulation of a sample (Din 1992; Shazili et al. 2006) .
Al has been frequently used as a reference element in the study of marine sediment, due to its natural origin with minimal human impact (Din 1992; Trimble et al. 1999; Weisberg et al. 2000) . However, Fe and Li acted as reference elements for various heavy metals in Marudu Bay, whereas Al rarely did, which suggests that heavy metals in Marudu Bay had been influenced by anthropogenic sources (Weiguo et al. 2001) .
In the V/Al regression plot, the high regression coefficient of r 2 =0.895 was obtained without removing any data points. In addition, the enrichment study also suggests that minimum or no enrichment with V occurred in Marudu Bay. This clearly indicates that V in Marudu Bay is currently not affected by anthropogenic activities. For other elements, various data points were suspected of being enriched, and therefore were removed until r 2 >0.9 was achieved for the purpose of accurate baseline concentration determination. Mn and Zn enrichment was observed at the stations located near areas of high human population density. The anthropogenic sources of Mn and Zn are mainly contributed by paint, metal components and sewage effluents (Alluri et al. 2007; Ideriah et al. 2012) . Therefore, the increase in the Zn and Mn enrichment factor could be contributed by river runoff of industrial and domestic effluents.
On the other hand, Rb and Sr seem to be transported from other stations and selectively accumulated in the mouth of the bay (station 6), because Rb and Sr are strongly bound to the organic detritus matter (Xu et al. 2010) . Transporting of organic matter from the shallow water (Ekman layer) to deep water (station 6, depth >20 m) indirectly carried also Rb and Sr. Some metals, including Cr, Cu, Ag, Ni, Ca and Pb, were not correlated with any reference elements. Therefore, the enrichment factor cannot be calculated. Since the concentration of these metals was too low and did not coincide with any reference elements, the combination of geochemical and granulometric normalization should be considered in future studies to minimize the grain-size effect on metal concentrations.
Conclusion
Organic matter in the sediment of Marudu Bay comes mainly from terrestrial sources. The heavy metal concentrations in the sediment of Marudu Bay are currently within the allowable level and pose no threat to public health. In addition, the levels of heavy metals in the sediment of Marudu Bay are similar or lower compared to other regions. However, localized anthropogenic enrichment with heavy metals, particularly Cu, might require attention. Spatial and temporal monitoring strategies are critical to combat and manage heavy metal pollution in Marudu Bay.
